In rats, the spinal cord contains proerectile autonomic motoneurons destined to the penile tissue and its vasculature, and somatic motoneurons destined to the perineal striated muscles. It receives dense catecholaminergic projections issued from the medulla and pons. In adult male rats, we evidenced the catecholaminergic innervation of spinal neurons controlling lower urogenital tissues and regulating penile erection. We combined retrograde tracing techniques and immunohistochemistry against synthetic enzymes of noradrenaline and adrenaline. Both sympathetic and parasympathetic preganglionic neurons, labeled from the major pelvic ganglion or from the corpus cavernosum, were apposed by catecholaminergic immunoreactive fibers. Motoneurons, retrogradely labeled from the striated muscles, were also apposed by catecholaminergic immunoreactive fibers. Synapses between these motoneurons and fibers were suggested by confocal microscopy and confirmed by electron microscopy in some cases. The results reinforce the hypothesis of a catecholaminergic control of autonomic and somatic motoneurons regulating penile erection at the spinal level.
Introduction
Autonomic fibers issued from the spinal cord reach the pelvic organs through the hypogastric and pelvic nerves and the paravertebral sympathetic chain. 1 In rats, parasympathetic preganglionic neurons whose axons run in the pelvic nerve are located in the sacral parasympathetic nucleus (SPN) of the L6-S1 spinal cord. 2, 3 Sympathetic preganglionic neurons whose axons run in the hypogastric nerve and the lumbar sympathetic chain 4 are located in the dorsal grey commissure (DGC) and the intermediolateral cell column (IML) of the T13-L2 spinal cord. 5, 6 In male rats, the major pelvic ganglion (MPG) receives preganglionic fibers from both the hypogastric and pelvic nerves. The MPG also contains the cell bodies of postganglionic neurons innervating the pelvic organs. 7, 8 Pudendal motoneurons innervating perineal striated muscles are grouped in separate populations, mainly in the dorsolateral (DL) and dorsomedial (DM) nuclei of the ventral horn (VH) in the L5-L6 spinal cord segment. 9, 10 Spinal preganglionic neurons and pudendal motoneurons command a variety of pelvic functions, including micturition, defecation, and penile erection and ejaculation in males. These spinal neurons receive peripheral and supraspinal projections, either directly or through interneurons. The spinal mechanisms through which supraspinal and peripheral information coordinates the activity of these different neuronal populations remain unclear. Aminergic descending pathways to the spinal cord may both control the inflow of afferent information from the periphery and activate or modulate efferent pathways to peripheral targets. Dopamine-beta-hydroxylase (DBH) is the key enzyme for noradrenaline (NA) and adrenaline (A) synthesis. In the spinal cord, DBH-immunoreactive (DBH-IR) fibers have been found in the sympathetic preganglionic nuclei at the thoracolumbar levels, 11, 12 in the SPN 12 and in the regions containing pudendal motoneurons. 13 By using an antibody raised against NA, a wide distribution of noradrenergic fibers at all spinal levels has been described. 14 In contrast, studies using antibodies raised against phenylethanolamine-N-methyltransferase (PNMT), the key enzyme for the synthesis of A from NA, have provided evidence for a limited innervation of the spinal thoracic IML in rats. 15 -17 A moderate number of phenylethanolamine-Nmethyltransferase immunoreactive (PNMT-IR) fibers have also been found in the SPN in rats. 15, 18 However, direct evidence of relations between noradrenergic and=or adrenergic fibers and spinal neurons destined to the pelvic organs is lacking.
The present study aimed at providing detailed description of such relations in male rats by combining retrograde axonal transport of wheat germ agglutinin-horseradish peroxidase (WGA-HRP) or fast blue (FB) from the MPG or the perineal striated muscles with immunohistochemistry against DBH and PNMT. By a comparative approach, we aimed to demonstrate anatomical relations between both DBH and PNMT-IR fibers and spinal neurons that innervate penile erectile tissue. In this view, we used immunohistochemistry against DBH and PNMT combined with transsynaptic retrograde transport of pseudorabies virus (PRV) from the corpora cavernosa.
Methods
Sixty-two adult male Sprague-Dawley rats weighing 280 -300 g and provided by Elevage René Depré (Saint-Doulchard, France) were used in the present experiments. Rats were kept in the animal facilities under a 12:12 light -dark cycle, lights on at 8:00 am, and food and water were delivered ad-libitum. Care and use of animals conformed to the European Communities Council Directive of 24 November 1986 (86=609=EEC).
Immunohistochemistry for DBH and PNMT
Eight rats were anesthetized with sodium pentobarbital delivered intraperitoneally (60 mg=kg, Sanofi, Libourne, France) and perfused transcardially with warm saline (35 -37 C, 250 ml) followed by 1 l of 4% paraformaldehyde (PAF) in phosphate buffer (PB, 0.1 M, pH 7.4). The spinal cord was exposed through a dorsal laminectomy, removed and postfixed in the same fixative at 4 C for 2 h. The cord was transferred in 30% sucrose overnight and quickly frozen in liquid isopentane ( 7 25 to 7 30 C). Spinal levels, from the upper thoracic to the sacral levels, were identified by counting the dorsal roots. The spinal segments were cut in the transverse plane (30 mm thick) on a cryostat at 7 20 C and further treated as free floating sections. Sections were washed in phosphate buffered saline (PBS, pH 7.4) for 10 min and treated in 3% H 2 O 2 for 30 min for inactivation of endogenous peroxidase activity. After rinsing in 0.1 M PBS, sections were treated with 3% bovine serum albumin (BSA) for 30 min. They were then rinsed in 0.1% BSA and incubated in rabbit primary antiserum raised against DBH (1:100; Chemicon, Euromedex, Souffelweyersheim, France) (n ¼ 4) for 12 -16 h at 4 C or in rabbit primary antiserum raised against PNMT (1:2500; kindly supplied by Dr Y Tillet, Nouzilly, France) (n ¼ 4) for 48 h at 4 C. Primary antibodies were diluted in 0.1 M PBS containing 0.1% BSA and 0.1% triton X-100 (Sigma, Saint-Quentin Fallavier, France). Sections were rinsed in a PBS solution containing 0.1% BSA and incubated in biotinylated anti-rabbit immunoglobulin G (IgG) (dilution 1:200, Vectastain, Vector Laboratories, Burlingame, USA) for 2 h at room temperature. Sections were then rinsed in PBS and incubated in the avidin -biotin complex (dilution 1:100, Elite Kit, Vectastain) for 1 h at room temperature. After washing in PBS the peroxidase activity was visualized using a solution of 0.05% diaminobenzidine (DAB, Vector Laboratories) in 0.1 M Tris buffer (pH 7.6) and 0.01% H 2 O 2 . Sections were thoroughly washed in distilled water and mounted on gelatin coated slides, dried overnight and covered with Entellan (Sigma) before coverslipping. Laminar distribution of DBH-IR and PNMT-IR fibers was analysed according to a previous description of spinal cord laminae in the rat. 19 An estimate of the relative density of DBH-IR and PNMT-IR fibers in the dorsal horn (DH), DGC, IML=SPN, intermediomedial area (IMM) and ventral horn (VH) was made by attributing a score ranging from 0 to þ þ þ to these different areas. An illustration of the different grades is given in Figure 1 .
Retrograde tracing
Rats were anesthetized with sodium pentobarbital delivered intraperitoneally (60 mg=kg). In 20 rats, a solution of WGA-HRP (Sigma, 25% in sterile water, 2 ml per rat in two separate points) or fast blue (FB, Sigma, 3% in sterile water, 6 ml per rat in three separate points) was injected into the MPG in order to retrogradely label spinal sympathetic and parasympathetic preganglionic neurons. The MPG is located in the lateral aspect of the prostate (posterior lobe) and measured approximately 3 mm 2 . In four other rats, a solution of WGA-HRP (25% in sterile water) was applied for 60 min to the central cut end of the pelvic nerve immediately after its cutting in order to label only parasympathetic preganglionic neurons. In 10 rats, a solution of WGA-HRP (25% in sterile water) or (FB, 3% in sterile water) was injected into the left ischiocavernosus muscle (IC, 3 ml each in two separate points) and the medial ventral portion of the left bulbospongiosus muscle (BS, 3 ml each in two separate points) using a Hamilton microsyringe. The syringe needle was kept in the injection site for 1 min post-injection to prevent dye leakage. The pelvic cavity and IC and BS muscles were then abundantly rinsed with saline. Surgical wounds were closed in separate muscular and cutaneous layers. After a survival period of 72 h, rats that received FB injections were reanesthetized with sodium pentobarbital and perfused intracardially with 300 ml of PBS followed by cold 4% PAF in PB (pH 7.4). Spinal cords were removed and postfixed in the same fixative for 2 h at 4 C. Rats that received WGA-HRP injections were perfused in the same manner with cold 2% PAF in PB (pH 7.4) and removed spinal cords were postfixed in 2% PAF for 2 h. The spinal cords were then placed into a Petri dish and the dorsal roots of each spinal segment identified. The L5-L6 segments of rats that received injection of WGA-HRP or FB in the IC and the BS muscles, the T13-L2 and L6-S1 segments of rats that received dye injection in the MPG, and the L6-S1 segments of rats that received WGA-HRP application on the pelvic nerve were kept for further analysis.
Trans-synaptic labeling from the corpus cavernosum
Twenty rats were anesthetized with sodium pentobarbital delivered intraperitoneally (60 mg=kg, i.p.). Pseudorabies virus (PRV, Bartha's strain, an attenuated strain, 2 ml, 10 8 plaque forming units=ml) was injected into the left corpus cavernosum of the penis using a Hamilton microsyringe. After the injection, the syringe was kept in place for 2 -3 min thereby reducing PRV leakage from the injection site. A pressure was applied onto the site of puncture for a few minutes after each injection to make sure that the viral inoculum did not contaminate the cutaneous layers. Rats were then reanesthetized after a survival period of 4 -4.5 days and perfused with cold 4% PAF in PB (pH 7.4) as described above. The spinal segments T12-L2 and L6-S1 were removed, postfixed in 4% PAF for 2 h and cryoprotected in a 30% sucrose solution overnight. Free floating sections were cut at a 30 mm thickness on a cryostat. One in two series of sections were processed for immunodetection of PRV by using antibody revealed by Avidin Biotin peroxidase method and the other one was processed for double-immunofluorescence study.
Combined retrograde tracing and immunohistochemistry against DBH and PNMT
Relations between retrogradely labeled neurons and DBH and PNMT-IR fibers were analyzed by combining immunohistochemistry of DBH or PNMT and retrograde transport of FB or WGA-HRP from either the MPG or the pelvic nerve. Confocal microscopy was used to search for appositions between neurons retrogradely labeled with FB and DBH and PNMT-IR fibers, the latest being revealed by immunofluore- Figure 1 An example of the different intensities of DBH and PNMT labeling, as revealed by the peroxidase-anti-peroxidase method, in the rat spinal cord. The quantification of the fiber immunoreactivity, represented by different grades in Table 1 Immunofluorescence=confocal laser microscopy. After cryoprotection of the selected spinal levels in a 30% sucrose solution, 30 mm thick sections were performed on a cryostat at 7 20 C in transverse plane and mounted on gelatin coated slides. Sections were incubated in the primary antisera, diluted in 0.1 M PBS containing 0.1% BSA and 0.1% Triton X-100, and used at the following dilutions: DBH, 1:50 overnight at 4 C and PNMT, 1:2500 for 48 h at 4 C. Then, sections were incubated with a fluoresceine-isothiocyanate (FITC)-labeled goat anti-rabbit IgG (1:100, Chemicon, Euromedex) for 1 h. After several rinses in PBS (pH 7.4), sections were covered with fluorescent mounting medium (DAKO, Trappes, France). Some sections were examined with a Nikon microscope equipped with epifluorescence to describe immunofluorescent staining. Most of the sections were examined with a Bio-Rad MRC 1000 confocal laser scanning microscope equipped with a kryptonargon laser, mounted on an inversed microscope Dia-Phot 300 (Nikon). Sections were scanned sequentially at a series of optical planes separated by 1 mm with an argon -krypton ion laser adjusted to 488 nm to FITC exitation and an argon-ion laser adjusted to 363 nm for FB. Preparations were observed with plan-achromat 6 40 (n.a: 1.4) oil immersion objective lens. Image resolution was 768 6 512 pixels.
Immunoperoxidase reaction and electron microscopy. In rats that received WGA-HRP injections in either the IC and BS muscles and the MPG, selected spinal levels (L5-L6 and T13-L2 and L6-S1 segments, respectively) were cut in 50 mm thick serial sections in the transverse plane on a vibratome. Sections were preincubated for 30 min in a solution containing 10 ml of 0.1 M PB (pH 6.0) and 500 ml of 1% ammonium paratungstate (ICM Biomedicals, Aurora, OH, USA) in distilled water and 250 ml of 0.2% tetramethylbenzidine (TMB) free base (Sigma). Sections were then incubated for 10 min in the same solution adding 100 ml of 0.3% H 2 O 2 . Sections were then washed several times in 0.1 M phosphate buffer (pH 6.0). The reaction product was stabilized for 10 min in a diaminobenzidine-cobalt (DAB-Co) solution, containing 10 mg DAB in 10 ml of 0.1 M phosphate buffer (pH 6.0), 200 ml of 1% cobalt chloride and 200 ml of 0.3% H 2 O 2 to visualize WGA-HRP. Sections were further washed several times in 0.1 M PB (pH 6.0) and processed for preembedding immunohistochemistry against DBH as described above. Some sections were mounted on gelatin coated slides, dried overnight and covered with Entellan (Sigma) before coverslipping for visualization of the WGA-HRP retrograde transport and DBH immunoreactivity. The remaining sections were then postfixed successively in 2.5% glutaraldehyde in PBS and in 2% OsO 4 in 0.1 M PB (pH 7.4). After dehydration, sections were embedded in epon between two silicon-coated slides, which allowed observation of immunostaining, under a light microscope and the selection of sections to be cut for electron microscopic analysis. Ultrathin sections (600 -800 Å ) of the nuclei containing pudendal motoneurons located at the L5-L6 segment, sympathetic (DGC and IML) nuclei located at the T13-L2 segment and parasympathetic preganglionic nucleus located in the SPN at the L6-S1 segment were cut, stained with uranyl acetate and lead citrate and examined with a Hitachi H-600 transmission electron microscope.
Combined trans-synaptic tracing and immunohistochemistry against DBH and PNMT
Indirect double immunofluorescence was used to visualize PRV-infected neurons and DBH or PNMT-IR fibers. Free floating sections were rinsed with three 5 min washes in 0.1 M PBS, incubated in 3% BSA diluted in 0.1 M PBS for 30 min then incubated with a mixture of pig anti-PRV (1:500), kindly donated by Dr Platt (Ames, IA, USA), and rabbit primary antiserum raised against DBH (1:50) for 24 h or with rabbit primary antiserum raised against PNMT (1:2500) at 4 C for 48 h. Sections were rinsed with 0.1% BSA in 0.1 M PBS and incubated with a mixture of fluoresceine-isothiocyanate (FITC)-labeled goat anti-rabbit IgG (1:100) and rhodamine (TRITC)-labeled goat anti-pig IgG (1:200, Chemicon, Euromedex) for 2 h. All antibodies were diluted in 0.1 M PBS containing 0.1% BSA and 0.1% Triton X-100. Finally, sections were washed in PBS, mounted onto gelatin coated slides and coverslipped with fluorescent mounting medium (Dako). Some sections were examined with the aid of a Nikon microscope equipped for epifluorescence to visualize the distribution of PRV infected neurons. The remaining sections were then examined with a LSM 410 Zeiss confocal laser scanning microscope. Sections were scanned sequentially with the 543 nm helium -neon laser and 488 nm argon-ion air cooled laser in order to reveal TRITC (long-path emission filter LP-570 nm) and FITC (band-path emission filter BP-510-525 nm), respectively. Sequential scans at a series of optical planes separated by 1.5 mm were performed with c-apochromat 6 40 (n.a: 1.2) aqueous immersion objective lens. Image resolution was 1024 6 1024 pixels.
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Data analysis
After retrograde transport of FB from the MPG, FB labeled cells were counted in each section with regards to the regional distribution of cells (IML and DGC of the L1-L2 segment, SPN of the L6-S1 segment). The total number of cells of the same area was averaged over the sections of the same spinal segment in the same rat, then the mean of the mean was calculated for the four rats. Results are presented as mean AE s.e. per area.
We performed a semi-quantitative analysis using the Kruskal-Wallis test to compare: (i) the number of neurons labeled per section in the same segment (IML vs DGC); and (ii) the number of neurons labeled per section between the different segments (L1-L2 vs L6-S1). Differences were considered significant if P < 0.05. We also performed a qualitative evaluation of appositions between retrogradely labeled neurons from the MPG and either DBH-IR or PNMT-IR fibers. The number of cells in close contact with DBH or PNMT-IR fibers was then counted per section and per rat. The frequency of these close contacts was estimated on the basis of the total number of retrogradely labeled cells of all rats analyzed (n ¼ 4).
In the same way, neurons retrogradely labeled with PRV from the corpus cavernosum were counted in each section with regards to the regional distribution of cells (IML and DGC of the L1-L2 segment, SPN of the L6-S1 segment). The number of cells in close contact with DBH or PNMT-IR fibers was then counted per section and per rat and the frequency of close contacts estimated as described above.
Results
DBH immunoreactivity in the spinal cord
DBH-IR fibers were present from the upper thoracic levels to the sacral levels of the spinal cord. DBH-IR fibers coursed in the lateral aspect of the white matter, from which they entered into the grey matter at all levels. DBH-IR varicosities were present along the fibers when the latter ran in the grey matter. DBH-IR fibers were detected in the DH, around the central canal (CC) ie area X, particularly in its dorsal aspect, in the DGC, in the IMM including the IML, and in the VH (Table 1 ). The density of DBH-IR fibers was greater in the superficial layers of the DH and in the DGC, whatever the spinal level considered, and extremely dense in the IML at the thoracic and lumbosacral levels. No DBH-IR neuronal cell bodies were found in the spinal cord. On transverse sections, DBH-IR fibers and terminals radiated through laminae II and III. A bundle of DBH-IR fibers was found coursing between IML and the CC at the thoracic level ( Figure 2A1 ). Only in the T8-T13 and L6-S1 segments were DBH-IR fibers more abundant in the IML=SPN than in the DH. In the SPN, DBH-IR fibers were mainly present in its lateral border ( Figure 2B1 ). In the VH, DBH-IR fibers were more numerous at the L5-L6 segment, and coursed in both the DM and DL nuclei.
PNMT immunoreactivity in the spinal cord
PNMT immunoreactivity appeared as varicosities present along fibers. PNMT-IR fibers were also detected at all spinal levels examined. PNMT-IR fibers and varicosities were present, at variable density, in the regions dorsal to and around the CC. PNMT-IR fibers were observed neither in the VH nor the DH (Table 1) . At the thoracic level, PNMT-IR fibers entered from the lateral funiculus and coursed medially in the IML and the IMM ( Figure 2A2 ). At the lower thoracic and upper lumbar levels, PNMT-IR fibers were found in the nuclei containing sympathetic preganglionic neurons, ie DGC and IML. At the thoracic and lumbar levels, the greatest density of PNMT-IR fibers was detected in the IML. Table 1 Estimation of the distribution of dopamine-beta-hydoxylase (DBH) and phenylethanolamine-N-methyltransferase (PNMT) immunoreactive fibers in the rat spinal cord
Symbols represent the relative density of DBH and PNMT-IR fibers in a delimited spinal area: þ þ þ high; þ þ moderate; þ low; AE very low; 0 no detectable immunoreactivity. T9 -L2: Ninth thoracic to second lumbar spinal segments; L3 -L4: third to fourth lumbar spinal segments; L5-S1: fifth lumbar to first sacral spinal segments. DH: dorsal horn; DGC: dorsal grey commissure; IML: intermediolateral cell column; SPN: sacral parasympathetic nucleus (only in L6 -S1); IMM: intermediomedial area; VH: ventral horn.
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Some of these fibers coursed in the IMM to reach the DGC and the CC. PNMT-IR fibers surrounded the CC very closely. In the L3-L5 segment, PNMT-IR fibers were found only in the DGC. Their density was moderate at the L5 segment and weak at the L3 and L4 segments. At the L6-S1 segment, PNMT-IR fibers and varicosities were found in the SPN ( Figure 2B2 ). They also surrounded the CC and coursed in the DGC. The density of PNMT-IR fibers in the SPN and in the DGC was weaker than in the T11-L2 segment.
In the intermediate grey matter, we estimate that the density of DBH-IR fibers was greater than the density of PNMT-IR fibers at all the spinal cord levels examined ( Table 1) .
Identification of spinal neurons using retrograde tracing
Wheat germ agglutinin-horseradish peroxidase (WGA-HRP) and FB injected in the MPG retrogradely labeled autonomic preganglionic neurons in the L1-L2 and L6-S1 segments. Tetramethylbenzidine-diaminobenzidine-cobalt (TMB-DAB-Co) reaction product complex of WGA-HRP precipitated in granules in the neuronal cell bodies, proximal dendrites and axons. FB filled somata and dendrites in the L1-L2 segment. In this segment, retrogradely labeled neurons were located in the IML ipsilaterally to the injected MPG, and in the DGC. In this latter area, labeled neurons had oval to fusiform profiles which often exhibited an horizontal orientation. IML labeled neurons were fusiform and had a dorso-ventral orientation. In the L6-S1 segment, labeling with both WGA-HRP and FB occurred only in the SPN ( Figure 3B ). Labeled neurons formed a dense cluster, appeared as elongated, triangular or oval profiles and displayed long and medially oriented processes.
In the L1-L2 segment, the number of retrogradely labeled neurons in the DGC (4.1 AE 0.1) was significantly greater (P < 0.05) than the number of neurons labeled in the IML (2.3 AE 0.1) (Kruskal-Wallis test, H ¼ 9.92, P ¼ 0.0002; Table 2 ). In the L6-S1 segment, the number of retrogradely labeled neurons in the 
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ED Yaïci et al SPN (19.7 AE 0.6) was significantly higher than the numbers of neurons labeled in the IML and the DGC of the L1-L2 segment (P < 0.05 for both; Table 2 ). Following application of WGA-HRP on the central end of one cut pelvic nerve, retrogradely labeled neurons were only present in the ispilateral SPN ( Figure 3A) . Neurons retrogradely labeled with WGA-HRP or FB injected in the IC and BS muscles were present in the VH of the L5-L6 segment. They were bilaterally located in the dorsomedial nucleus (DM) and ipsilaterally to the injection site in the medial portion of the dorsolateral nucleus (DL). DM motoneurons were more numerous ipsilaterally than contralaterally to the injected site. Some medially oriented dendrites of DM motoneurons crossed the midline and joined dendritic bundles of contralateral DM motoneurons. Some dendrites of labeled DM motoneurons also extended processes towards the ispilateral DL. Dorsally, processes of labeled DM motoneurons reached the DGC.
Following PRV injection in the corpus cavernosum, none of the rats displayed any signs of illness or distress during the post-injection period (4 -4.5 days). Among 20 rats injected with PRV, 14 displayed spinal labeling. PRV infected neurons were found in the T12-L2 and L6-S1 segments. PRV labeling was found in the nucleus, the cytoplasm and in the processes of infected neurons. PRV-IR neurons appeared as either oval, triangular or elongated cells. The labeling was ipsilateral to the injection site. Among 14 labeled animals, six of them displayed very few labeled spinal neurons and were excluded from further analysis. In the eight other rats, in six of them labeling occurred only in the ipsilateral SPN. On the basis of their location, at the margin of the grey and white matter of the intermediolateral cell column and SPN, and their apparent size, we considered that these neurons were autonomic preganglionic neurons, ie second order PRV infected neurons. In two other rats, labeled neurons were present both in the ipsilateral and contralateral SPN, and also in the DGC of the L6-S1 segment ( Figure 3C ), strongly suggesting that not only second order but also third order neurons were labeled.
Relations between DBH-immunoreactive fibers and retrogradely labeled spinal neurons
In the DGC of the L1-L2 segment, confocal microscope observations demonstrated sparse FB retrogradely labeled neurons with adjacent DBH-IR fibers. DBH-IR fibers were more often found apposed to the dendrites of FB labeled neurons ( Figure 4B1 ). In the IML, in contrast, many DBH-IR fibers were found closely apposed to FB labeled somata (Figure Data are means AE s.e., n ¼ 4.
Catecholaminergic projections ED Yaïci et al
4A1). In the SPN, DBH-IR fibers were observed in close apposition with both FB labeled somata and dendrites ( Figure 4C1 ). Almost all IML labeled neurons and a majority of SPN labeled neurons were apposed by DBH-IR fibers (Table 3 ). All DM and DL labeled motoneurons were apposed by a dense collection of DBH-IR fibers ( Figure 4D ).
Relations between PNMT-immunoreactive fibers and retrogradely labeled autonomic neurons
In the IML of the L1-L2 segment, confocal microscope observations revealed PNMT-IR fibers and varicosities apposed on somata and rarely on 
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dendrites of FB labeled preganglionic neurons ( Figure 4A2 ). In the DGC of the same segment, PNMT-IR fibers were observed running in the vicinity of FB labeled neurons ( Figure 4B2 ). Approximately half of IML labeled neurons and a small minority of DGC labeled neurons were in close apposition with FB somata and dendrites. In the SPN, PNMT-IR fibers coursed in the vicinity of FB labeled neurons and their terminals made close contacts with somata and extensions of these neurons ( Figure 4C2 ). Such close appositions were found more frequently in the dorsal part of the SPN in comparison to the ventral one. Approximately half of SPN labeled neurons were apposed by PNMT-IR fibers.
We have compared the proportion of preganglionic neurons retrogradely labeled from the MPG and in close contacts with either DBH-IR or PNMT-IR fibers in the IML and the DGC of the L1-L2 segment and in the SPN of the L6-S1 segment. In the IML, there was significantly more preganglionic neurons in close contact with DBH-IR fibers than with PNMT-IR fibers (0.87 AE 0.05 and 0.47 AE 0.05 respectively, P ¼ 0.0286). In the DGC, the proportion of preganglionic neurons which receive close contacts from DBH-IR fibers (0.5 AE 0.1) was higher than from PNMT-IR fibers (0.4 AE 0.05, P ¼ 0.0321). Finally, in the SPN, retrogradely labeled parasympathetic preganglionic neurons were more frequently apposed by DBH-IR fibers (0.70 AE 0.08) than PNMT-IR fibers (0.40 AE 0.05, P ¼ 0.0005).
To compare the relative DBH innervation of the different areas containing preganglionic neurons (IML, DGC and SPN), variance analysis revealed that the DBH innervation was more important in the IML, then in the SPN and finally in the DGC (F(2.11) ¼ 20, P ¼ 0.0005). Taken together, the differences were all significant (DBH-IR (IML) > DBH-IR (SPN) > DBH-IR (DGC) (P < 0.05)).
On the other hand, the comparison of the relative PNMT innervation of the different areas containing preganglionic neurons revealed any difference in the proportion of the appositions between PNMT-IR fibers and retrogradely labeled neurons in the IML, the DGC and the SPN (PNMT-IR (IML) ¼ PNMT-IR (SPN) ¼ PNMT-IR (DGC)).
Relations between DBH and PNMT immunoreactive fibers and PRV infected spinal neurons
Confocal microscopic observations revealed that almost all IML labeled neurons and approximately half of SPN neurons (L6-S1 segment) immunoreactive for PRV were apposed by DBH-IR fibers (Table 3 ). When we observed such close appositions in the x -y plane, we selected a point on the course of the immunoreactive fiber and we used a Zeiss program to extract the image of this point in the x -z and y -z planes. The use of this reconstruction allowed us to observe the appositions in the three planes (see, eg Figure 5A1 and 5C1). In the DGC of T12-L2 segment, such appositions were found in a small minority of PRV-IR neurons ( Figure 5B1 ). The reconstruction described above also confirms the presence of close appositions between PRV infected neurons and PNMT-IR fibers in the IML ( Figure 5A2 ) and SPN ( Figure 5C2 ). Almost all IML labeled neurons and no DGC labeled neurons in the T12-L2 segment were apposed by PNMT-IR fibers. A minority of SPN labeled neurons were apposed by PNMT-IR fibers (Table 3) .
Ultrastructural observations
DBH immunoreactivity was detected in unmyelinated fibers and terminals. In labeled fibers, the dense peroxidase immunoprecipitates completely filled the axoplasm, making the identification of vesicles difficult. Some fibers with faint DBH labeling displayed many small clear vesicles. In the IML of the L1-L2 segment, synaptic-like contacts were found between DBH-IR profiles and dendrites and somata of retrogradely labeled preganglionic neurons ( Figure 6A ). Such contacts were also observed with other retrogradely labeled neurons in the DGC of L1-L2 segment and in the SPN (Figures 6B and 7) . SPN labeled neurons also received contacts from negative profiles. Retrogradely labeled DM and DL motoneurons received synaptic-like contacts from DBH-IR fibers ( Figure 8A and B). 
þ a minority; AE a small minority. T12 -L2: twelve thoracic to second lumbar spinal segments; L6-S1: sixth lumbar to first sacral spinal segments. IML: intermediolateral cell column; DCG: dorsal grey commissure; SPN: sacral parasympathetic nucleus (only in L6 -S1); MPG: major pelvic ganglion; CC: corpus cavernosum.
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Discussion
By combining tracing techniques and immunohistochemical approaches, our results provide infor-mation on the noradrenergic and adrenergic innervation of the spinal system that projects into the pelvic organs and the penis.
Retrograde tracing
In male rats, many preganglionic axons issued from the thoracolumbar and lumbosacral spinal cord converge onto the MPG. 7, 20 In the present study, injection of WGA-HRP or FB in the MPG retrogradely labeled preganglionic cell bodies in the IML 
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and DGC of the L1-L2 segment, and the SPN, in agreement with previous reports. 2, 3, 5, 21, 22 We also confirm the presence of retrogradely labeled neurons in the DL and DM nuclei of the L5-L6 VH that innervate respectively the IC and the BS muscles. 9, 10 Among the population of preganglionic neurons that innervate pelvic organs, there exists a group of neurons that are destined to the penis. This latter population has been previously identified by using trans-synaptic retrograde transport of PRV injected in the corpus cavernosum. 23 In the present experiment, we also used PRV injection in the corpus cavernosum, but we killed rats at a different post injection survival time. From other studies in our group, 24 it occurred that the use of PRV from different sources may lead to modification of this parameter. We established that a 4 -4.5 day post injection survival time yielded the greatest occurrence of labeling of second order neurons, ie preganglionics, and only few third order neurons, ie interneurons. The location of labeled neurons both in terms of spinal levels and their distribution 
in the intermediate spinal cord within a level fits well with the location of sympathetic and parasympathetic preganglionic neurons identified by retrograde labeling from the MPG. However, when the injection in the MPG only labeled preganglionic neurons of the L1-L2 and L6-S1 segments, PRV injection in the corpus cavernosum labeled preganglionic neurons and interneurons in the IML=SPN and DGC of the T13-L2 and L6-S1 segments.
DBH and PNMT immunoreactive fibers in the spinal cord
The distribution of noradrenergic fibers in the whole rat spinal cord has been provided through a variety of techniques 11, 12, 25, 26 and authors have inferred the noradrenergic nature of fibers from DBH-IR. 11 -13,27,28 We have not used direct evidence of neuromediators (noradrenaline, adrenaline) in fibers present in the spinal cord. We have based our approach on the immunohistochemical evidence of DBH and PNMT enzymes. In a preliminary experiment, we have tested an antibody directed against noradrenaline (kindly supplied by Dr A Privat, Montpellier, France). Unfortunately, we had trouble getting good immunohistochemical staining on rat tissue. In addition, in our working conditions, we have not had any possibility to combine this antinoradrenaline antibody and retrograde tracing techniques. In most of the morphological reports, the immunodetection of the DBH enzyme was used to describe the noradrenergic innervation. We have used the same immunodetection and the same term in our work, and it may cause confusion between noradrenergic and adrenergic fibers. To remove this ambiguity, we performed a comparative approach to describe DBH and PNMT innervation in spinal areas containing autonomic preganglionic neurons. Noradrenergic fibers appear as fine varicose prolongements surrounding the vast majority of spinal autonomic neurons. In the T8-T13 and L6-S1 segments, DBH-IR fibers were particularly dense in the IML and SPN relative to the DH. In the present study, immunohistochemical detection of DBH in the spinal cord revealed a wide distribution of DBH-IR fibers both in the white and grey matter at both thoracic and lumbosacral levels, in agreement with previous studies. 11, 24, 26 We selected PNMT, the enzyme that catabolizes NA into A, as a reliable marker of adrenergic fibers. The specificity of the anti-PNMT antibody that we used was tested by incubation with sections of rat adrenal medulla, and perikarya of the rat and sheep nervous system. Anti-PNMT bound to neither the substantia nigra nor the locus coeruleus but did bind to the cells of the medulla oblongata (C1 and C2 cell groups) which are known to be adrenergic. 29 PNMT-IR fibers have been previously identified mainly in the intermediate spinal cord of male and female rats 14 -16,30 and in a lesser extent in the SPN and around the CC at the S1 level in male rats. 18 We observed an exclusive distribution of DBH-IR fibers in the DH and VH and a wider distribution and density of DBH-IR fibers in the intermediate grey matter relative to the distribution of PNMT-IR fibers in the same areas ( Figure 9 ). We postulate that DBH-IR fibers in the DH and VH are noradrenergic. In fact, the recent use of antibodies raised against NA confirms this hypothesis. 31 Furthermore, in the intermediate grey matter that contains both PNMT and DBH-IR fibers, our evaluation of the relative density of each marker suggests a predominant contribution of DBH, ie noradrenergic fibers.
Relations between DBH-IR fibers and retrogradely labeled spinal neurons
In male rats, appositions between DBH-IR fibers and spinal neurons retrogradely labeled from the MPG, the penis and the perineal striated muscles have been inferred from the occurrence of DBH-IR in fiber profiles of the autonomic areas of the spinal cord, as well as in motor nuclei of the VH. 11, 12 Synaptic contacts have been demonstrated using electron microscopy between DBH-IR fibers and motoneurons of the L5-S1 segment of male rats 13 and in the S2-S3 segment in male monkeys. 32 Using confocal microscopy, we provide new information about the relations between retrogradely labeled neurons and DBH-IR fibers. Because laser scanning allows the observation of 1 mm thick tissues, appositions of DBH-IR fibers with retrogradely labeled neurons in the same picture strongly suggest functional relations between the two profiles. This hypothesis was confirmed by the observation of the same preparations using electron microscopy. Synaptic-like contacts between DBH-IR fibers and the dendrites or somata of retrogradely labeled neurons were evidenced.
Within the L1-L2 segment, we found a greater density of DBH-IR fibers in the IML relative to DGC. IML and DGC contain preganglionic neurons whose axons reach the MPG. Axons from IML preganglionic neurons mainly travel in the paravertebral sympathetic chain. This sympathetic outflow firstly regulates arterial blood supply, including that of pelvic organs. 33 Axons from preganglionic neurons located in the DGC mainly travel in the hypogastric nerve. This second prevertebral sympathetic outflow mainly controls the visceral motility. 33 Our results suggest that NA, as represented by DBH-IR fibers, might regulate the arterial outflow to the pelvic viscera rather than their motility.
Evidence of synaptic-like contacts between DBH-IR fibers and DM or DL motoneurons provides a morphological support for the role of noradrenaline 
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in the modulation of the activity of these motoneurons. After immunodetection of PRV and DBH immunoreactivity in the T12-L2 and L6-S1 segments, the use of confocal laser scanning microscopy provides a morphological support for a role of NA in the modulation of the activity of both thoracolumbar sympathetic and sacral parasympathetic neurons destined to the penis. DBH-IR fibers not only made appositions with sympathetic and parasympathetic preganglionic neurons innervating the penis, but also with premotoneurons (ie interneurons located in the DGC in the L6-S1 segment; data not shown).
To our knowledge, this is the first evidence that the three populations of spinal neurons located in the IML or DGC at the thoracolumbar level, SPN and in DM and DL nuclei receive synaptic-like contacts from DBH-IR fibers.
In both thoracolumbar and lumbosacral autonomic nuclei, we found differences between the density of appositions between DBH-IR fibers and autonomic neurons destined to the pelvis or to the penis (Table 3 ). In the DGC at the T13-L2 segment, approximately half of neurons retrogradely labeled from the MPG were in close contact with DBH-IR fibers, while very rare contacts were observed with neurons trans-synaptically labeled with PRV from the corpus cavernosum. This suggests that NA may not affect the activity of neurons that reach the penis through the hypogastric nerve.
Conversely, in the IML of the T13-L2 segment, almost all of the neurons destined to the pelvis and also those destined to the penis were closely apposed by DBH-IR fibers. This suggests a possible contribution of NA to the control of the sympathetic outflow to the pelvic organs including the penis.
It is demonstrated that neurons whose cell bodies are located in the IML at the T12-L2 segment send their axons preferentially in the lumbar paravertebral sympathetic chain. It is suggested that this outflow is involved in the tone regulation of the vessels of the pelvis and abdomen. Stimulation of this outflow inhibits erection in the anesthetized rat. 34 NA, innervating IML neurons destined to the penis, would therefore contribute to the hemodynamic control of penile erection at the spinal level.
In the SPN, a majority of neurons destined to the pelvis and half of neurons destined to the penis were in close contact with DBH-IR fibers. This suggests a moderate role of NA in the control of the erectile smooth muscle fibers tone relative to other pelvic viscera.
Relations between PNMT immunoreactive fibers and autonomic preganglionic neurons
The presence of close appositions between sympathetic and parasympathetic preganglionic neurons labeled from the penis and PNMT-IR fibers suggests synaptic-like contacts between these neural profiles. Adrenergic descending pathways as evidenced by PNMT fibers likely project preferentially onto the sympathetic outflow destined to the penis. Taking its origin in the C1 nucleus, 17 this adrenergic descending pathway may regulate the vascular aspects of penile erection as evidenced by its presence in IML. 33 In the SPN, the control of the pelvic organs and the penis by A, compared to their control by NA, is similar but seems more restrictive. It may be hypothesised that A exerts selective effects on a subpopulation of SPN neurons innervating the penis.
Evidence for a noradrenergic control of sexual functions
Noradrenaline has been shown to exert a modulation of copulation and sexual reflexes. The alpha1 adrenoceptor antagonist prazosin and the alpha2 adrenoceptor agonist clonidine both depressed copulation in male rats. 35 Central effects of clonidine were further demonstrated in an experiment where administration of the drug either intracerebroventricularly or in the hypothalamic medial preoptic area suppressed copulatory behavior. 36 In contrast the alpha2 adrenoceptor antagonist yohimbine increased sexual motivation. 37 In copulating male rats, intrathecal infusion of noradrenaline was shown to accelerate pelvic thrusting, suggesting a facilitatory effect of the exogenous drug on the activity of motoneurons destined to the lower limbs, hips or perineum. 38 In ex copula penile reflex tests, clonidine decreased the number of penile responses, 39 and yohimbine produced a bell-shaped dose -response curve on reflexive erections, ie facilitating the responses at low doses. 40 The beta adrenoceptor antagonist propranolol administred subcutaneously inhibited erectile reflexes. 41 Lesioning the locus coeruleus produced a significant increase in the duration of the post-ejaculatory refractory period, an effect mimicked by the administration of norepinephrine synthesis inhibitors. The latter also caused an increase in both mount and intromission latencies. 42 Rats acutely treated with guanethidine, an adrenergic neuron blocking agent, displayed an increased number of flips during penile reflex tests. 43 Bilateral lesion of the locus coeruleus elicited priapism in 3=6 rats. 44 The presence of DBH-IR fibers in the lumbosacral spinal cord suggests that noradrenaline may modulate autonomic and somatic outflows destined to the urogenital tract in male rats. In keeping with this hypothesis is the demonstration of an inhibition of the reflexive urethral constriction in cats (males and females) by prazosin 45 and clonidine. 46 Prazosin also depressed the reflex activation of the pudendal and hypogastric nerves in response to stimulation of the pudendal and pelvic nerves respectively in anesthetized cats. 47 In contrast, the putative role of adrenaline released by PNMT-IR fibers in the spinal control of urogenital function remains pharmacologically unexplored.
Theoretically, specificity of spinal noradrenergic control could be supported by: (i) the different origin of noradrenergic nuclei projecting onto autonomic sympathetic, parasympathetic and somatic motoneurons; and (ii) the presence of different sets of adrenoceptors subtypes carried by preganglionic neurons projecting to various pelvic viscera and the penis. However, such demonstration remains to be performed.
Conclusion
The frequency of appositions between autonomic preganglionic neurons innervating the pelvic organs and motoneurons innervating the IC and BS muscles and NA and A fibers is variable (Table 2) , strongly suggesting functional relations between these profiles. NA and A largely innervate IML neurons destined to the pelvis including the penis, suggesting their contribution to the regulation of the blood supply to the pelvis and abdomen, with a preferential control of the vascular smooth muscles of erectile tissues by A. Concerning SPN neurons, our results suggest an important noradrenergic control of parasympathetic outflow to the pelvis but a weaker role of NA in the control of the tone of the cavernosal smooth muscle fibers. They also suggest selective effects of A on a limited population of SPN neurons.
Part of the results have been presented as an abstract at the Annual Meeting of the Society for Neuroscience in Los Angeles, November, 1998.
